Two novel anaerobic, mesophilic, biohydrogen-producing bacteria, designated strains ZGM211
The genus Clostridium was first proposed by Prazmowski in 1880 with the type species Clostridium butyricum. At the time of writing, the names of nearly 210 species of this genus have been validly published (http://www.bacterio. net). Species of the genus Clostridium have common characteristics, such as being anaerobic, spore forming, Gramstain-positive, having low G+C contents and producing hydrogen, carbon dioxide, acid and alcohol during fermentation [1] [2] [3] . On the basis of the comparative study by Collins et al. [4] , nearly half of the species of Clostridium with validly published names fall within the C. butyricum branch, which is regarded to be the genus Clostridium sensu stricto (cluster I). The other Clostridium members fall into different clusters, which have loose relationships to C. butyricum [1, 4, 5] ). C. butyricum, the type species of the genus Clostridium, is well studied for its high yield of biohydrogen capability. Besides C. butyricum, strains from Clostridium amylolyticum [6] , C. hydrogeniformans and C. cavendishii [7] , C. beijerinckii [8] , C. bornimense [9] and some other species of Clostridium were also isolated and investigated as high-efficient biohydrogen-producing bacteria. While studying the high yield hydrogen production bacteria enrichment, bacterial strains were isolated from a lake (Longtan Lake in Longtan Park of Liuzhou, in Guangxi Province, China; 24 16¢ 51.49 † N 109 24¢ 26.18 † E) sediment sample in 2015. Based on their phenotypic and genotypic characteristics, two novel isolates were considered to represent two novel species of the genus Clostridium.
Strains ZGM211
T and G1 T were isolated using the Hungate roll-tube technique [10] . Modified PYG medium (10.0 g glucose, 4 .0 g peptone, 1.0 g yeast extract, 2.0 g beef extract, 4.0 g NaCl, 1.5 g KH 2 PO 4 , 0.2 g MgCl 2 .6H 2 O, 0.1 g FeSO 4 .7H 2 O and 0.5 g L-cysteine, distilled water added to 1 litre final volume) was used for hydrogen-producing bacteria enrichment. Boiled culture medium was transferred into anaerobic tubes flushed with ultra-high-pure nitrogen gas (99.9 %) for 5 min, sealed with rubber plugs and autoclaved at 121 C for 15 min. Sample slurry (1 ml) was added into each anaerobic tube, incubated anaerobically at 35 C for 36 h and then transferred into Hungate roll-tubes [11] . Colonies appeared after incubation at 35 C for 2 days. They were picked up with a long gas pin, transferred into PYG broth and cultured at 35 C for hydrogen detection. Hydrogen content and volatile fatty acids concentration in byproducts were measured using an Agilent GC (7890A) with capillary DB-FFAP for liquid products and GS-GASPRO for gas products. Strains were purified by subculturing onto fresh medium at least twice before being preserved in 25 % (v/v) glycerol at À80 C for further study.
Morphological characteristics of strains ZGM211 T and G1
T at exponential growth phase were analysed by using a light microscope (Olympus BX-90) and transmission electron microscope (Hitachi 7500). Standard physiological identifications were carried out according to the methods modified by Cowan and Steel [12] and L anyi [13] . Gram staining was performed using a standard procedure [14] . Spore formation was determined using a staining method [15] . The strains were incubated in the anaerobic tubes at temperatures 10-50 C (in 5 C unit increments), pH 5-10 (in 0.5 pH unit increments) and NaCl concentrations 0-10 % (w/v, in 1 % increments). The pH was adjusted to the desired value by using 0.1 M HCl and 0.1 M NaOH [16] . The utilization of various substrates as sole carbon and energy sources was performed with the AN MicroPlate (Biolog) and API 20A kit (bioM erieux). Enzyme activities were tested with the API ZYM (bioM erieux). Strains G1 T , ZGM211
T and ATCC 824 T were simultaneously cultured in PYG medium at 35 C for 24 h, and harvested. Polar lipids were extracted and separated by two-dimensional TLC and identified by spraying with appropriate detection reagents [17, 18] . Cellular fatty acids were extracted, purified, methylated, identified and analysed by GC (Agilent 7890A) according to the manufacturer's instruction of Microbial Identification System (MIDI) [19, 20] .
Genomic DNA was extracted and purified using a Bacterial DNA Mini kit (Solarbio). The G+C content of the genomic DNA was determined using HPLC by the method of Tamaoka and Komagata [21] with the modification that DNA was hydrolysed and the resultant nucleotides were analysed by reversed-phase HPLC. DNA-DNA relatedness with the type strain of most closely related species was performed by the microplate hybridization method [22, 23] . The 16S rRNA gene was PCR amplified using the primer pairs of BSF 8/27 (5¢-AGA GTT TGA TCC TGG CTC AG-3¢) and BSR 1525/1541 (5¢-AAG GAG GTG ATC CAG CC-3¢). The PCR program was as follows: initial denaturation for 5 min at 94 C; 35 cycles of 30 s at 94 C, 30 s at 55 C and 90 s at 72 C and extension of incomplete products for 10 min at 72 C [24] . Multiple alignments with sequences of a broad selection of Clostridium strains and calculations of sequence similarity were carried out by using the EzTaxon-e server [25] and CLUSTAL_W [26] . A phylogenetic tree was reconstructed using the neighbour-joining and maximumparsimony methods with the MEGA 6.0 program package. Evolutionary distances were calculated according to the algorithm of Kimura's two-parameter model [27] for the neighbour-joining method.
For comparison of ATP synthase beta subunit (atpD) sequences, partial regions of the gene were amplified by PCR, with the degenerate primers for atpD (atpD-F, 5¢-TTY GGN GGN GCN GGN GT-3¢ and atpD-R, 5¢-TCR TCN GCN GGN ACR TA-3¢) [28] . The amplified region included signature sites based on highly conserved regions of ATP synthase beta subunit [29] . PCR amplifications were performed under the same conditions as the 16S rDNA gene amplification except that the annealing temperature was 50 C. Sequencing was carried out as described above and the sequences determined (430 nt) were deposited in GenBank. Amino acid sequence comparisons to known sequences of related taxa were carried out as described by Gupta and Gao [29] . Phylogenetic analysis based on the gene sequences was performed as described above.
Colonies of strains ZGM211
T and G1 T were milk-white in colour, circular, opaque and slightly concave with a ring margin, and had a diameter of about 2.0 mm after anaerobic cultivation on PYG agar at 35
C for 48 h. The main products from glucose fermentation were H 2 , CO 2 , acetic acid and butyric acid, with small amounts of propionic acid and isopentanoic acid. Strain ZGM211
T produced more isopentanoic acid but less gas end products than strain G1
T . Cells of the two strains occurred both singly or in pairs, and were Gram-stain-positive and motile with polar flagella (see Fig.  S1 , available in the online Supplementary Material). Cells of ZGM211
T had more flagella than strain G1 T . Cells of strain ZGM211
T had a diameter of 0.8-1.0 µm and a length of 5.5-6.0 µm, which were a little longer but thinner than strain G1
T (1.2-1.4 µm in diameter and 5.0-5.5 µm in length). Spores were observed when the conditions were unfavourable for ZGM211
T and G1 T .
Growth of strain ZGM211 T occurred at 20-45 C (optimum, 37 C), at pH 4.5-8.0 (optimum, pH 7.0) and at NaCl concentrations up to 2 % (w/v; optimum, 0 %) ( Table 1) . Strain ZGM211 T used glucose, xylose, lactose, maltose, gentiobiose, sucrose, turanose, melibiose, mannose, fructose, galactose, fucose, rhamnose and serine as carbon and energy sources. Acids were produced from glucose, mannitol, lactose, sucrose, maltose, salicin, xylose, arabinose, glycerol, cellobiose, mannose, melezitose, raffinose, sorbitol and rhamnose (Tables S1-S3 ). Strain G1
T was able to grow at temperatures of C (optimum, 37 C), at pH 4.0-8.5 (optimum, pH 7.0) and at NaCl concentrations lower than 6 % (w/v; optimum, 0 %) ( Table 1) . Strain G1
T utilized glucose, xylose, lactose, maltose, trehalose, cellobiose, gentiobiose, sucrose, turanose, stachyose, melibiose, mannose, fructose, galactose, fucose, fusidic acid, sorbitol, mannitol, rhamnose and serine as carbon and energy sources. Acids were produced from glucose, mannitol, lactose, sucrose, maltose, salicin, xylose, arabinose, glycerol, cellobiose, mannose, melezitose, raffinose, sorbitol, rhamnose and trehalose (Tables S1-S3 ).
Comparative 16S rRNA gene sequence similarity analysis revealed that the similarity between strains ZGM211 T and G1 T was 98.9 %. The closest phylogenetic relatives to strains ZGM211 T T are members of the genus Clostridium (Fig. 1) . The phylogenetic affiliations of strains ZGM211
T and G1 T to members of the genus Clostridium sensu stricto were also evaluated by examining protein signatures and DNA sequences of ATP synthase beta subunit. The highest DNA and protein sequence similarity for ATP synthase beta subunit of strains ZGM211
T and G1 T was obtained with that of C. acetobutylicum ATCC 824 T (93.5 and 91.9 % similarity) reinforcing its novel status within the genus Clostridium. A neighbour-joining phylogenetic tree reconstructed on the basis of deduced ATP synthase beta subunit sequences is shown in Fig. 2 and shows that strains ZGM211
T and G1
T are positioned in the clade of some members of the genus Clostridium sensu stricto.
The major polar lipids presented in strains ZGM211 T and G1
T were the same. Both the novel organisms contained diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylglycerol, phosphatidylcholine, two glycolipids, three unknown lipids, unidentified phospholipid, unidentified aminoglycolipid, unidentified aminophospholipid and unidentified phosphatidyl glycolipid, which are also found in C. acetobutylicum ATCC 824 T (Fig. S2 ). In addition, C. acetobutylicum ATCC 824
T contains phospholipid of unknown structure containing glucosamine, which are not observed in strains ZGM211
T and G1 T (Fig. S2) . Strain ZGM211
T contained the following cellular fatty acids at quantities >10 %: C 14 : 0 (20.9 %), C 16 : 0 (32.3 %) and C 13 : 0 3OH/iso-C 15 : 1 (11.8 %) ( Table 2 ). The cellular fatty acids (>10 %) of strain G1
T were C 14 : 0 (14.4 %), C 16 : 0 (27.7 %), C 15 : 1 !8c (10.3 %) and C 13 : 0 3OH/iso-C 15 : 1 (12.5 %) ( Table 2 ). The major cellular fatty acids (C 14 : 0 and C 16 : 0 ) of strains ZGM211
T and G1 T were consistent with C. acetobutylicum ATCC 824
T , but both strains can be distinguished by the production of C 13 : 0 3OH/iso-C 15 : 1 (summed feature 3); furthermore, strain G1
T also produces C 15 : 1 !8c unlike strain ZGM211
T and C. acetobutylicum. The DNA G+C contents of strains ZGM211
T and G1 T were 40.7 and 41.5 mol %, respectively. The DNA-DNA relatedness of strains ZGM211
T and G1 T was less than 70 % to C. acetobutylicum ATCC 824 T (33.3 and 35.4 %). The DNA-DNA relatedness of strains ZGM211
T and G1 T was 39.1 %, which indicated that they also belong to a distinct species [30, 31] . In a previous study, C. felsineum and C. acetobutylicum were also found having high 16S rDNA similarity value (99.1 %), but clarified belonging to two species clostridia based on DNA-DNA relatedness [23] .
In addition to the differential characteristics given in Tables 1, S1 and S2, major polar lipids and differences in fatty acids distinguish strains ZGM211 T and G1 T from the genus Clostridium. Strains ZGM211 T and G1 T had low 16S rRNA gene sequence similarities to their closely related phylogenetic neighbours. Their NaCl tolerance, carbon sources utilization, major polar lipids compositions and proportion of cellular fatty acids distinguish strains ZGM211
T from the closest related species of the genus Clostridium. Therefore, we propose that strains ZGM211 T and G1 T represent two novel species of the genus Clostridium, with the proposed names of Clostridium guangxiense sp. nov. and Clostridium neuense sp. nov.
DESCRIPTION OF CLOSTRIDIUM GUANGXIENSE SP. NOV.
Clostridium guangxiense (guang.xi.en¢se. N.L. neut. adj. guangxiense of Guangxi, a province in China, where the sample of the type strain was collected).
Cells are Gram-stain-positive, rod shaped (0.8-1.0Â5.5-6.0 µm), strictly anaerobic and motile with terminal flagella. Colonies on PYG agar milk-white, circular, opaque and slightly concave with a ring margin, and usually about 2.0 mm in diameter after anaerobic cultivation at 35 C for 
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48 h. Growth occurred at 20-45 C (optimum, 37 C), at pH 4.5-8.0 (optimum, pH 7.0) and at NaCl concentrations up to 2 %. Oxidase and catalase activities are negative. Uses glucose, maltose, gentiobiose, sucrose, turanose, melibiose, mannose, fructose, galactose, fucose, rhamnose and serine as carbon and energy sources. The fermentation products from glucose are mainly H 2 , CO 2 , acetic acid and butyric acid, with small amounts of propionic acid and isopentanoic acid. Using the API 20A test kit, indole is not produced. Gelatin and aesculin are hydrolysed. Acids are produced from glucose, mannitol, lactose, sucrose, maltose, salicin, xylose, arabinose, glycerol, cellobiose, mannose, melezitose, raffinose, sorbitol and rhamnose. The API ZYM test kit gives positive reactions with alkaline phosphatase, esterase (C4), esterase lipase (C8), leucine arylamidase, trypsin, chymotrypsin, acid phosphatase, naphthol-AS-BI-phosphohydrolase, a-galactosidase, b-galactosidase, b-glucuronidase, a-glucosidase, b-glucosidase and N-acetylglucosaminidase; lipid enzyme (C14), valine arylamidase, cystine arylamidase, a-mannosidase and b-fucosidase are negative. The predominant cellular fatty acids are C 16 : 0 , C 14 : 0 and C 13 : 0 3OH/iso-C 15 : 1 . The polar lipid profile contains diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylglycerol, phosphatidylcholine, two glycolipids, three unknown lipids, unidentified phospholipid, unidentified aminoglycolipid, unidentified aminophospholipid and unidentified phosphatidyl glycolipid.
The type strain, ZGM211
T (=CICC 24070 T =BCRC 80950 T ), was isolated from lake sediment. The DNA G+C content of the type strain is 40.7 mol%.
DESCRIPTION OF CLOSTRIDIUM NEUENSE SP. NOV.
Clostridium neuense (neu.en¢se. N.L. neut. adj. neuense of NEU, the abbreviation of Northeastern University in China, where the type strain was isolated).
Cells are Gram-stain-positive, rod shaped (1.2-1.4Â5.0-5.5 µm), strictly anaerobic and motile with terminal flagella. Colonies on PYG agar milk-white, circular, opaque and slightly concave with a ring margin, and usually about 2.0 mm in diameter after anaerobic cultivation at 35 C for 48 h. Growth occurred at C (optimum, 37 C), at pH 4.0-8.5 (optimum, pH 7.0) and at NaCl concentrations lower than 6 %. Oxidase and catalase activities are negative. Uses glucose, xylose, lactose, maltose, trehalose, cellobiose, gentiobiose, sucrose, turanose, stachyose, melibiose, mannose, fructose, galactose, fucose, fusidic acid, sorbitol, mannitol, rhamnose and serine as carbon and energy sources. The fermentation products from glucose are mainly H 2 , CO 2 , acetic acid and butyric acid, with small amounts of isopentanoic acid are also produced. With API 20A test kit, indole is not produced. Gelatin and aesculin are hydrolysed. Acids are produced from glucose, mannitol, lactose, sucrose, maltose, salicin, xylose, arabinose, glycerol, cellobiose, mannose, melezitose, raffinose, sorbitol, rhamnose and trehalose. The API ZYM test kit gives positive reactions with alkaline phosphatase, esterase (C4), esterase lipase (C8), trypsin, chymotrypsin, acid phosphatase, agalactosidase, b-galactosidase, a-glucosidase, bglucosidase and naphthol-AS-BI-phosphohydrolase; lipid enzyme (C14), leucine arylamidase, valine arylamidase, cystine arylamidase, b-glucuronidase, N-acetylglucosaminidase, a-mannosidase and b-fucosidase present negative. The predominant cellular fatty acids (>10 %) are C 16 : 0 , C 14 : 0 , C 15 : 1 !8c and C 13 : 0 3OH/iso-C 15 : 1 . The polar lipid profile contains diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylglycerol, phosphatidylcholine, two glycolipids, three unknown lipids, unidentified phospholipid, unidentified aminoglycolipid, unidentified aminophospholipid and unidentified phosphatidyl glycolipid. 
